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ABSTRACT

The influential aspects of various wind profile disturbances on
the dynamic response of the vehicle are considered. Particular emphasis
is given to separating the influence of wind shears, turbulence and
quasi-steady wind speed on the dynamic response during the boost phase
of flight., Four hundred and seven individual detailed (Jimsphere) wind
profiles are the primary wind inputs, although the MSFC synthetic pro-
file is also discussed. The time response to each profile is run and a
statistical analysis made. Severe profiles are ranked in terms of the
bending moment at two vehicle stations for the Saturn V vehicle. The
influence of results on vehicle design and flight operational procedures

is determined.

NASA - GEORGE C, MARSHALL SPACE FLIGHT CENTER



I. INTRODUCTION. . cessee

11, SIMULATION..ceoevcenes

A. Vehicle Model.,...ocveeens
B. Load Indicator.....eeeees.

III, WIND INPUTIS.......

A. Measured Profiles...ecs..

TABLE OF CONTENTS

B. Synthetic ProfileS...ceeeceeecss

1v, PROCEDURES FOR ANALYSIS,......

V. PARAMETERS FOR ASSESSMENT.....ccc..

VI. FUNDAIENTALSo.ooo-ono.o.oooo

A. Rigid Body.eeesecoceceassns
B. Elastic Body InfluencCe....isesvesessscssssssccccssnnes

VII. RESULTSoolooooooooot-oonooococo.o

A. Gross Effect of Ensemble Compared to Synthetic

Profile.ceeeecevsccccennsnsne

® e s e s 00002000000

® e 0000

B, Effects of Wind Components on Response for Gyro
Control SystemM.....oseeeeessscssscscccnnnsne

C. Severe Profiles......
D. Small Duration Wind Disturbance Effects on Control
System Optimization,.
E. Comparison of Methods.....
F., TImpact of Results on Launch Vehicle De31gn and Fllght
OperationS..sseeeses

CONCLUSIONS....‘..l................l“.

APPENDIX......'O...0.0‘.

© 0000000

iii

11

11
14

17

20

22

22
32

35

35

42
52

58
67

68

70

71



Figure

10
11
12
13
14

15

16

17

18

LIST OF ILLUSTRATIONS

Coordinate SyStemM...ueeeeeeeesseeseroncoesonnraseonnns
Slosh Model....vuereeeonnroronensorsonncoseesnnnonans
Bending Mode Deflection CUIVES.....veeeeeecenenonosoes
Block Diagram of Control System...ee.eeeeeeeeceesocens
Saturn V Vehicle Configuration......eeeeeeeneecssnnss

Rigid Body Bending Moment Coefficient vs Vehicle

SEAtiON. . teeeeoreenvetsonnsnosooasssscscsarsescsnsscesne

Elastic Body Bending Moment Coefficients vs Vehicle
Station.. et ieeuiieerecneennocroonsoanssnsncnaasaansons

Approximate Response Function for Rawinsonde (@D-18)
System Based on Standard Rawinsonde Reduction

TechniquUe.veseereesorseeascessacesaasasssseacesnsons
Spectral Density for Maximum Dynamic Pressure Region.
Wind Speed Envelope vs Altitude....oeeeeseveaceencnns
Wind GuSt..l...lI'C..‘l....l.t'.........‘l.l.l.'l....
Envelope of Wind Speed Change.....coveveeecessonconss
Synthetic Wind Profile with GUSt..e.v.eveeseotecccens

Schematic for the Analog Simulation of Wind Profiles,

A, as a Function of Control System Gain, by, Control
Frequency, we, and Damping, foevieveeeneniennnnnnnnns

ay, as a Function of Control System Gain, by, Control
Frequency, Wwc, and Damping, fc.eeveenescavenencsoaces

a; as a Function of Control System Gain, b,, Control
Frequency, Wc, and Damping, fc.cveeesestonsocassaanes

Phase Angle Y5 VS R(X)eusevsvorooeonnsnssnscscossnnas

iv

10

10

13

14

15

16

16

17

18

25

26

27

31



LIST OF ILLUSTRATIONS (Continued)

Figure Title Page
19 Ratio Influence of Bending Moment due to Bending

Dynamics to Total Bending Moment........eeeeeeeeesess 34

20 Synthetic Profile with Gust Compared with Wind
Ensemble Filtered......iiiveieerereeeeesennnanoeennns 36

21 Synthetic Profile with Gust Compared with Wind
Ensemble Unfiltered.....iovvvevvencenconsnononnonnens 37

22 Synthetic Profile with Gust Compared with Wind
Ensemble Unfiltered....voiveeesescoancesccssosceaceas 38

23 Synthetic Profile Without Gust Compared with Wind
Ensemble Filtered......ceeeeeeesacensscesseeoscaansas 39

24 Synthetic Profile Without Gust Compared with Wind
Ensemble Filtered....eiiivvsvenseceocseansesoesonness 40

25 Synthetic Profile Without Gust Compared with Wind
Ensemble Filtered.....iveeeeeroonssecseceneosannsoens 4l

26 Mean, Variance and Mean Plus 3¢ for Wind Ensemble

VS TiMe..ieueeeuosoeesanssnonsssensasansscnsscnsseans 42
27 Mean, Variance and Mean Plus 30 for Engine Deflection

VS TiMe..ueseeeoooseososessosonsosscssssnssnscnsnnaes 43
28 Mean, Variance and Mean Plus 30 for Bending Moment

(Station 25) VS TiMe.iuiu.eveereecoeocenoneasenaccananna 44

29 Mean, Variance, and Mean Plus 30 for Bending Moment
(Station 90) VS TiMe.seveeeooeeososeoecssosccoonnnnss 44

30 Engine Deflection vs Probability of Not Exceeding,... 45
31 Angle of Attack vs Probability of Not Exceeding...... 46
32 First Bending Mode Deflection vs Probability of Not

Exceeding..coeeeeeressessasssesasssesssosssascssssonaa 47

33 Second Bending Mode Deflection vs Probability of Not
Exceeding.veeceeeeesoscesreasacoosscososnssssasnnsosnncass 47
34 First Slosh Mode vs Probability of Not Exceeding..... 48




Figure
35

36
37
38
39
40
41
42
43
44

45

46

47

48

49

LIST OF ILLUSTRATIONS (Continued)
Title Page
Second Slosh Mode vs Probability of Not Exceeding... 48

Third Slosh Mode Deflection vs Probability of Not
EXCeeding.iuvssoeeeesooneneovtossecsoneonaosenncsnnas 49

Bending Moment at Station 25 vs Probability of Not
ExceEdingll....ll.'.'....."...'l'..‘...Ol..'....... 50

Bending Moment at Station 90 vs Probability of Not
Exceeding, .vveeeveeeeereevosessnnooonconnonnannonans 50

Total Load at Station 25 vs Probability of Not
ExXCeeding. iouiieseiereseceesonesecaacsocoonsossenenea 51

Total Load at Station 90 vs Probability of Not
Exceeding, .ioeeesvceosencocassoacess Ceccearentsenanan 52

Vehicle Response for Wind (9/15/65 at 1:;00 P.M.),... 53
Vehicle Response for Wind (9/15/65 at 1:00 P,M.).... 54
Vehicle Response for Wind (1/23/65 at 1:00 A.M.).... 55
Vehicle Response for Wind (1/23/65 at 1:00 AM).... 56
Saturn V Failing Moment vs Station, 70 Seconds...... 57
Bending Moment at Station 25 vs Probability of Not
Exceeding for Total Wind Ensemble and Filtered

EnsSemble...eeeeeseosoesvsososnrssesseoneoocscacennsens 59

Total Load at Station 25 vs Probability of Not
Exceeding for Total Wind Ensemble and Filtered
Ensemble..oieeeeeerreeenssecocesssnssssosacnsanasoss 59

Bending Moment at Station 90 vs Probability of Not
Exceeding for Total Wind Ensemble and Filtered
Ensemble. . uiieeiieeieeerieneecenscoeascennsennssonnas 60

Total Load at Station 90 vs Probability of Not

Exceeding for Total Wind Ensemble and Filtered
Ensemble. seeieieieeeernreneecsesocnssseosncncansans 60

vi



Figure

50

51

52

53

54

55

56

57
58

59

1A -

5A -

7A -

11A -
13A -

15A -

4A
6A
8A
10A
12A
14A

16A

LIST OF ILLUSTRATIONS (Continued)

Title
Comparison of Analog Results Using Detail Wind
Profiles with Generalized Harmonic Analysis Using

Spectrum for Turbulence.....sveeveessecanas ceseerecn

Engine Deflection vs Probability of Not Exceeding
for Total Wind Ensemble and Filtered Ensemble.......

Angle of Attack vs Probability of Not Exceeding for

Total Wind Ensemble and Filtered Ensemble.....eoce.

Effect of Control System Gains on Engine Deflection
Using Spectrum of Wind Turbulence......eoeceves ceaes

Mean of Bending Moment Station 25, g, Varies........
Variance of Bending Moment Station 25, g, Varies....

Mean Plus Three Times the Standard Deviation for
Bending Moment (Station 25), g- Varies.ieecveeesecns

Mean of Bending Moment (Station 90), g, Varies.,....
Variance of Bending Moment (Station 90), g- Varies,,
Mean Plus Three Times the Standard Deviation for

Bend ing Moment (Station 90), go Varies.....vevveeee.
Vehicle Response for Wind (2/15/65 at 9:13 P.M.)....
Vehicle Response for Wind (1/4/65 at 1:00 AM.).....
Vehicle Response for Wind (2/4/65 at 5:18 P.M.).....
Vehicle Response for Wind (3/8/65 at 2:15 P.M.).....
Vehicle Response for Wind (3/10/65 at 12:01 P.M.)...
Vehicle Response for Wind (2/5/65 at 1:08 P.M.).....
Vehicle Response for Wind (1/20/65 at 5:01 P.M.)....

Vehicle Response for Wind (3/9/65 at 10:00 A.M.)....

vii

61

62

62

63
64

.64

65
65

66

66

78-79
80-81
82-83
84-85
86-~87
88-89
90-91

92~93



17A 18A
19A 20A
21A 22A
23A

24A

25A 26A
27A 28A
29A 30A
31A 32A
33A 34A

LIST OF ILLUSTRATIONS (Continued)

Vehicle
Vehicle
Vehicle
Vehicle
Vehicle
Vehicle
Vehicle
Vehicle
Vehicle

Vehicle

Response
Response
Response
Response
Response
Response
Response
Response
Response

Response

Title

for
for
for
for
for
for
for
for
for

for

Wind

Wind

Wind

Wind

Wind

Wind

Wind

Wind

Wind

Wind

viii

(3/9/65 at 1:00 A.M.).. 94-95
(2/2/65 at 1:00 A.M.).. 96-97
(2/24/65 at 1:00 P,M.). 98-99
(10/19/65 at 8:30 P.M.) 100
(10/19/65 at 2:15 P.M.) 101
(3/10/65 at 10:01 A.M.) 102-103
(5/4/65 at 1;00 P.M.).. 104-105
(3/23/65 at 12:12 A.M.) 106-107
(2/16/65 at 1:00 A.M.), 108-109

(2/25/65 at 1:44 AM.). 110-111




TECHNICAL MEMORANDUM X-53565

THE INFLUENTIAL ASPECTS OF ATMOSPHERIC DISTURBANCES ON
SPACE VEHICLE DESIGN USING STATISTICAL APPROACHES FOR ANALYSIS

SUMMARY

The influential aspects of various wind profile disturbances on
the dynamic response of the vehicle are considered. Particular emphasis
is given to separating the influence of wind shears, turbulence and
quasi-steady wind speed on the dynamic response during the boost phase
of flight. Four hundred and seven individual detailed (Jimsphere) wind
profiles are the primary wind inputs, although the MSFC synthetic pro-
file is also discussed. The time response to each profile is run and a
statistical analysis made. Severe profiles are ranked in terms of the
bending moment at two vehicle stations for the Saturn V vehicle. The
influence of results on vehicle design and flight operational procedures
is determined.

I, INTRODUCTION

Launch vehicle design and flight operation procedures are dictated
by many exterior disturbances and flight constraints. A major disturb-
ance occurs for launch vehicles in space shots because, in general, they
experience maximum dynamic pressure during an altitude of high wind
velocity and turbulence. Thus, inflight atmospheric winds become a
ma jor consideration in vehicle design and operation. The problems to
be considered because of these disturbances are (1) structural design,
(2) control system design, (3) slosh baffle design, and (4) operational
procedures such as wind restrictions, trajectory biasing, and prelaunch
monitoring.

These definitions are complicated by the unpredictability of the
vehicle characteristics, which requires statistical design studies based
on a 30 variation of appropriate parameters. Statistics of the wind
input increase the study efforts as attempts are made to define the wind
components (speed, shear, gust) and their influence, Previously, the
MSFC synthetic wind profile has been used for this definition. Although
it is a simple input to use, there is a shortage of real information on
the effects of various wind components on vehicle response., In some
cases, misleading information has been obtained through misuse of the
approach, For example, the use of load relief using body-fixed




accelerometers showed a 20 percent reduction in bending moment when con-
trol system gains were programmed using the synthetic profile. Using
many individual winds produced only a 7 percent reduction in moment for
the same system., 1In attempts to overcome these problems many approaches
have been used for wind definitions, vehicle models, and analysis.
Although each of these have added information to overall vehicle response
and wind interaction, they lack continuity and a clear base.

This study attempts to eliminate these basic shortcomings by using
(1) an adequate vehicle model, (2) consistent wind inputs and turbulence
definition, (3) accurate procedures for analysis, and (4) consistent
criteria for evaluation of effects,

This study satisfies the vehicle model requirement by using a
detailed mathematical model of the total vehicle dynamics including bend-
ing dynamics and propellant oscillations. To satisfy the wind field
requirements, the individual wind profiles have been separated into low
frequency components (magnitude) and high frequency components (turbulence).
This results in three profiles, the unfiltered, filtered, and turbulence,
for use in studying vehicle responses,

Solutions of the vehicle responses were obtained using the following
three procedures: (1) numerical integration of the equations of motion,
(2) analog computer solution, and (3) generalized harmonic analysis for
the turbulence portion. Vehicle response is evaluated in terms of vehicle
response parameters, angle of attack, engine deflection, bending moment,
and unit compressive load.

The analysis shows that turbulence has a significant influence on
the bending moment in areas where this moment is dominated by bending
dynamics.

II, SIMULATION

A. Vehicle Model

A complete simulation of a launch vehicle during atmospheric
flight requires the simultaneous generation of the trajectory, wind
inputs, and vehicle dynamics. Since this much detailed simulation
requires large amounts of computer time or excessive analog equipment,

a complete simulation is impractical for general parameter studies. A
simpler and more accurate approach can be used if it is assumed that the
vehicle dynamics due to wind disturbances do not alter the trajectory.
This assumption is good for the yaw plane. Under these conditions, the
origin of the coordinate system is chosen to be at the undisturbed



vehicle center of gravity and its orientation along the tangent to the
trajectory pointing in the direction of the nominal thrust vector. The
translation of the coordinate system is eliminated by replacing it with
an equivalent gravitational field. The slow rotation of the coordinate
system following the trajectory is negligible. Since the vehicle is
symmetrical, no cross-coupling between pitch and yaw planes is present;
thus, the assumed yaw plane analysis is applicable (Figure 1),

Figure 1. Coordinate System

Acting on the vehicle are aerodynamic, thrust, and control forces.
The aerodynamic forces measured or calculated along the longitudinal
vehicle axis, are quasi-steady, based on normal force distribution, and
are considered to vary linearly with the local angle of attack. Because
gust penetration and lift growth effects are small for Saturn V, they are
neglected. The thrust force is provided by five liquid propellant
engines, four of which swivel to provide the lateral control force,
which is discussed in Section V,




The liquid propellant dynamics are represented by an equivalent
mechanical model consisting of an assembly of springs, dashpots, masses,
and inertial discs arranged in such a way as to represent dynamic
behavior of the sloshing liquid (Figure 2). This model exactly dupli-
cates the forces and moments determined from the hydrodynamical solu-
tion, and accurately reproduces the oscillating fluid insofar as the
assumptions made for the hydrodynamic solutions are valid for an incom-
pressible irrotational fluid with only small disturbances allowed. The
effects of sloshing on bending (and vice versa), which are assumed to
act through the slosh mass attack point and spring, should be accurate
as long as local loads are of no concern,

&
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Figure 2, Slosh Model




The bending effects of the launch vehicle structure are

approximated by the superposition of several free-free normal mode
shapes by

n

y(x,t) = Z n5(0) ¥ (%), (1)
j=1

which defines the displacement of the vehicle centerline (Figure 3).
The normal modes are computed with the swiveling engine masses removed,
but the liquid propellant mass is included. Control of the vehicle is
maintained by swiveling the engines, using a hydraulic actuator for
positioning. The actuator position is determined from a control law
formulated to produce desired response and stability characteristics.
The control law results from a proper choice of gains attached to the
output signal from various control sensors,.whose signals are summed
and fed directly to the actuators (Figure 4).

ist Mode
|

Normalized N
. 2 1 l |
Deflection %_stoﬁon n meters /\<2
R S A

2nd Mode

Figure 3. Bending Mode Deflection Curves
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Vehicle Dynamics

Figure 4, Block Diagram of Control System

The control system used in this analysis is defined by a con-
trol law, B., in the following manner:

B, = 3, Tu(s) A(®) 9, + a1 Ta(s) A(s) 9 + B2 Ta(s) As) Ay, @)

where
P, is the indicated position error
¢R is the indicated position rate, and

Ai is the indicated normal acceleration,

The symbols a,, a,, and go, represent the control gains for these
sensors., The Ti(s) (i =1, 2, 3) are transfer functions which describe
the characteristics of various networks designed for stability purposes,
and A(s) is the transfer function which describes the engine actuator

characteristics. The transfer functions used in this study are as
follows:
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it

Gyro

Rate = 1/(1 + Bys + B=s®)

Accelerometer = 1/(1 + 20s).

Both an attitude-only and a body-fixed accelerometer system
are studied. The attitude-only system occurs when g is set equal to
zero in the control system equation and appropriate networks T,(s) and
To(s) inserted. Varying g, allows other systems to be studied.

Based on the assumptions given above for the coordinate system,

forces, propellant and bending dynamics, and control system, the equa-
tions of motion are derived for the Saturn V launch vehicle (Figure 5).
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The model used in this analysis includes the following:
(1) rigid body translation (y)
(2) rigid body rotation (@)
(3) engine compliance mode (BE)
(4) sensor dynamics (¢R’ Ai)
(5) three propellant oscillation modes (tanks) (gs)
(6) two elastic body modes (ni)
(7) control (Bc).

The differential equations describing the system are listed
in the appendix.

B. Load Indicator

The total load due to all forces acting on the vehicle structure
is a direct output of the simulation. This load indicator can be calcu-
lated directly during simulation as either the lateral bending moment or
unit compressive and tension loads. A direct calculation of the load
indicator in this fashion insures correct phasing of all interacting
responses and the vehicle control system. The bending moment or unit
compressive load results from inertial forces, aerodynamic forces, and
engine side forces, and can be used as the load indicator. The bending
moment equation is

M (x) = ﬁ('x(x) at) + ﬁé(x) B(E) + }-'I;;(x) $(t) + I\-/'[E'ﬁ(x) B(t) +f4;.P(x) o(t)
n n n

+ Z Mﬂj(X) nj(t) + Z Mh.(x) nj(t) + Z M‘ﬁ_(x) 'ﬁj(t)
i=1 j=1 =10
.3

+ Z Mh (X).{:,'S(t). 3)

&s

s=1

If terms of small magnitude, 7;, 7:, §, are neglected and if
substitution is made for translational and fotational acceleration in
terms of their source, this equation can be simplified [1]. Since the



major causes of these accelerations are aerodynamic and control forces,
the translational acceleration can be expressed as-

_ . ) A=) .
= Yaero T Yeontrol T30 ¢t OB B- )

A similar expression for the rotational acceleration is

v _ e " _ X 0P
Paero ¥ Peontrol = 0t oB B (%)

Substituting these expressions into the bending moment equa-
tion results in a simplified expression:

Bending Dynamics

Rigid ~—— -
A n
N\
M, G = ML) o) + M (x) B(E) + Z M () ()
=1

Sloshing Dynamics
s - )

m

; Z M (0 B ®)

s=1

In this form, various effects of the bending moment can be completely
separated. A typical set of the bending moment coefficients is shown
in Figures 6 and 7.

The total unit compressive load, N, is a more copprehensive
load indicator. The equation for the total load at an unpressurized
section is as follows:

F(E) AGe,t) , X(x,t) <1 B0, M0

NG = 0 e T m(t) D) )
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where
F/m is the longitudinal acceleration,
m is the mass supported above the station of concern,
X is the aerodynamic drag,
Mg is the vehicle bending moment, and
D(x) is the local vehicle diameter.
Both the bending moment and the total load separate the various

effects that create the vehicle loads, and thereby give insight into the
details,

ITI, WIND INPUTS

Wind inputs used in the analysis were (1) an ensemble of 407
individual detailed profiles, (2) spectrum of wind turbulence, and (3)
discrete synthetic profiles,

A. Measured Profiles

The individual wind profiles used in this study were measured
at the Eastern Test Range, Florida, by the FPS-16 radar/Jimsphere method
[2]. Four hundred and seven wind profile measurements taken over a
period of a year were distributed fairly evenly throughout the entire
period. Therefore, the data should not exhibit a seasonal or monthly
bias.

Since this study is concerned with the relative influence between
small scale motions (turbulence) and base scale wind effects (wind magni-
tude and shear), it is of interest to know the accuracy and resolution of
the data. The RMS errors, determined by comparing simultaneous tracks of
the same balloon for wind speed, are approximately 0,2 to 0.3 meters per
second, and about one degree in wind direction. The RMS amplitudes of
the small scale motions associated with individual profiles range up to
about thirty times this magnitude [3,4]. The method chosen to reduce the
data used a first degree equation to smooth the position coordinates.
Average wind speeds were computed for approximately 50-meter layers and
printed out at 25-meter altitude intervals, thus providing information
on the small scale motion as well as the gross motion,

11



The measured wind profiles used in this report are adequate for
most large space vehicle design and operational studies., The problem is
incorporating the winds in the vehicle response studies and interpreting
the data. To compute the responses of a space vehicle to a slowly
changing wind field (quasi-steady-state) as it ascends through the
atmosphere is a well-documented and reasonably straightforward procedure
for the rigid body, and the problem is not too complicated for elastic
vehicles. 1In the real case, where an elastic vehicle with several
degrees of freedom must be considered and the total wind profile may
be thought of as being composed of a quasi-steady-state with super-
imposed turbulence, the problem of computing vehicle responses becomes
more difficult, 1In performing flight simulations, one of the major
problems is how to treat the small scale motions (turbulence).

An attempt has been made to define gusts (turbulence) in a meaning-
ful way by separating a detailed wind velocity profile into two pro-
files on the basis of frequency content, The basic profile represents
the total wind field, the filtered profile represents the quasi-steady-
state wind speeds, and the difference between these two represents gust
or turbulence., The wind content to be filtered out of the total wind
profile is determined by considering the relationships between the rawin-
sonde and the FPS-16 radar/Jimsphere profiles plus frequency response
characteristics of the vehicle to be used (in our case, the Saturn V).
The statistical properties of the gust profile, such as normality and
stationarity, were also considered. A filter function is defined so
that the resulting filtered profile approximates the rawinsonde-measured
profile. The filter function used in this study is shown in Figure 8
as a function of gust wave length [5].

The separated gust or turbulence profile contains frequencies that
cover the whole frequency spectrum of the elastic vehicle. The sta-
tistical distribution of the gusts is approximately Gaussian, enhancing
interpretation of the vehicle responses, and also providing a basis for
assessing the influence of gusts on the vehicle which are not measured
by the rawinsonde method.

1f the quasi-steady-state is defined as the wind profile approxi-
mating the rawinsonde-measured profile, the small scale motions are still
nonstationary with altitude [6] because the variance of the small scale
motions, as computed over limited altitude intervals, changes by a
significant magnitude within the same velocity profile.

12
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Figure 8. Approximate Response Function for Rawinsonde (GMD-18)
System Based on Standard Rawinsonde Reduction Technique

Since the characteristics of the small scale motions vary with
altitude, synoptic conditions, etc., a spectrum of the small scale
motions over the entire altitude to, say, 14 kilometers may not be
representative of the spectrum over a subinterval of this altitude
range. Since, in designing and operating space vehicles, the peak
responses are of the most interest, it is desirable to define a spec-
trum of small scale motions which could be superimposed on the quasi-
steady-state wind profile to produce a peak vehicle response equivalent
to that obtained from the total wind profile.

An attempt was made to define a spectrum of the small scale motions
which could be superimposed on the quasi-steady-state profile to give
the same variance and peak responses as the total profile., The spectrum
was computed from approximately 400 detailed wind profile measurements by
computing the spectra associated with each profile, then determining the
probabilities of spectral density as a function of frequency. Thus, the
spectra represent envelopes of spectral density for the given probability
level,

13



For a linear system the peak responses due to the small scale
motions will be given approximately by 30, where ¢ is the standard
deviation of the output parameter. This 3¢ value of the response is
then added to the quasi-steady-state value of the response to obtain
the total response.

Spectra associated with the scalar wind speed profiles were com-

puted and used in this analysis., The following is a plot of the spec-
trum used (Figure 9). This spectrum, which was computed by determining
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Figure 9. Spectrai Density for Maximum Dynamic Pressure Region

the average spectral density as a function of frequency, has been
transferred from wave numbers to frequency in vehicle flight time near
the maximum dynamic pressure region. The spectrum associated with each
profile was computed over the entire altitude range of the data and used
as input in computing vehicle responses.

B. Synthetic Profiles

A synthetic profile is one which is representative of any
measured profile or statistically designed profile and is usually
determined from quasi-steady-state wind speeds, wind shears, and
gusts which are combined to represent physically reasonable conditions
to insure a high probability of success when the vehicle is launched.
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They are constructed by defining the quasi-steady-state wind profile
envelope that is not exceeded more than, for example, 5 percent of the
time during some reference period, then defining a wind buildup rate
whose envelope is not exceeded more than, say, 1 percent of the time,
and combining these in a suitable way [6]. Gusts are then combined
with the steady-state wind speed envelope. An idealized quasi-steady-
state wind speed envelope representing the 95 percent probability of
occurrence using a monthly reference period is shown in Figure 10,
where the gust (Figure 11) is superimposed to represent the small scale
motions. Synthetic wind profiles were constructed using a 95 percent
wind speed and a 99 percent wind shear value. Envelopes of the 99 per-
cent wind shear for various scales of distance are shown in Figure 12.
To construct the synthetic profile with gust, the 95 percent wind magni-
tude is used with a 99 percent gust and a shear reduced by 15 percent.
These profiles were used as an additional wind input (see Figure 13).
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IV, PROCEDURES FOR ANALYSIS

Three approaches used for determining vehicle responses for atmos-
pheric disturbances are (1) numerical integration of equations of motion
on a digital computer, (2) integration of equations of motion on an
analog computer, (3) generalized harmonic analysis using the spectrum
of turbulence, The digital approach, because of its high accuracy, is
used as a check against the analog computer. However, because of the
large amount of machine time for each wind profile (40 minutes on the
IBM 7094), only a few cases could be run economically. The GPS high
speed analog computer is chosen as the basic method of evaluating the
responses of many profiles because of the speed of output per trajec-
tory run. The various computer capabilities are illustrated in Figure
14,

Four hundred and seven trajectory simulations of two minutes real
time each can be made in about five minutes of computer time. By time
transformation, the events on the computer take place up to 3000 times
faster than real time. Since there is an integration factor of 3000 sec-
onds with a maximum of 50 volts from the amplifiers in repetitive opera-
tion, theoretically up to 20 solutions could -be obtained, during one
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second, from take-off to cutoff of the launch stage. Scaling of the
problem resulted in a running speed of about .00l real time.

The computer is composed of 50 integrators, 50 summing amplifiers,
350 coefficient potentiometers, 20 quarter-square multipliers, 15 function
generators, and 70 amplifiers. Tape units are available for feeding infor-
mation into the computer, fully synchronized with the vehicle simulation.
Each tape contains seven tracks and is used for wind inputs. Solutions
may also be recorded on these tapes [7].

The vehicle responses were statistically analyzed using several
aspects of the computer's capability, The probability of exceeding a
certain response level was obtained by setting a value on the desired
response function, then counting the number of times the actual vehicle
response exceeded this value in flying through the whole ensemble of
winds individually. To determine the probability, only one exceedance
per profile was counted and the probability determined by dividing the
number of exceedances by the number of wind profiles, Changing the
setting of the response for the counter, another point on the probability
curve can be obtained. This process is repeated until the complete curve
is obtained. The computer has the capability of counting exceedances on
four variables simultaneously. The probability was determined for all
vehicle responses for the unfiltered, filtered, and turbulence wind
ensembles,

Statistical probability as a function of magnitude is determined by
simulating the flight of the vehicle through all of the measured winds
and counting the number of profiles in which the response exceeds a pre-
set value. Establishment of the probability levels for any selected
response parameter allows a ranking of the severity of the wind profiles,
For detailed analysis, particularly interesting wind profiles may be
captured on a recorder with closed-loop tape. By placing the computer
in a repetitive mode of operation, this wind profile and its responses
can be analyzed in any desired detail.

Additional statistical information can be obtained by computing the
mean and variance of the ensemble at various flight times by sampling

each profile and the resulting response at a specific flight time and
computing the variance and mean from the relationships:

n
)'(=-3;in (8)
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n
o2=nf1 Z(xi-i)% (9)
i=1

Thus, the variance and mean can be plotted versus flight time,

Generalized harmonic analysis allows the statistical qualities of
a vehicle response to be computed directly if certain restrictions, such
as normality of the input force, are met. If one considers that the
equations representing the dynamics of the vehicle are linear and that
the coefficients are frozen over a certain altitude band, these condi-
tions can basically be met, These conditions can be satisfied only for
the wind turbulence. The output spectrum for this approach is

S, (w) = [T, (w) |2 s, (W), (10)

This expression shows that the spectral density S;(w) of the output of
a linear dynamic system is equal to the product of the square of the
modulus of its transfer function and the spectral density of the input,.
Other statistical quantities, exceedances and probability, can be cal-
culated directly from the variance and standard deviation. These
statistical values are computed for all vehicle responses for the
spectrum of the wind turbulence. The 30 standard deviation values of
the responses were compared with results obtained from the turbulence
ensemble (see table 1l).

V. PARAMETERS FOR ASSESSMENT

The interpretation of a space vehicle's response to atmospheric
disturbances is very complicated because of the interaction of the
various components of the wind (magnitude, shear, gust), vehicle dynamics
(rigid body, elastic body, propellant oscillations), and control system.
The assessment of the various aspects of this interaction depends upon
a choice of vehicle parameters and proper separation of the wind com-
ponent influences versus vehicle dynamics and control. This is accom-
plished by appraisal of the various parameters necessary for evaluation
of different types of space vehicles,
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The evaluation of vehicle response to atmospheric disturbances
cannot be generalized to one vehicle parameter, Neither can it be
reduced to a few general studies, The many factors involved must be
interpreted in terms of the current phases of the vehicle design.
These various areas are categorized as (1) preliminary design, (2)
final structural design, (3) guidance and control system design and
optimization (preliminary and final), and (4) operational procedures,.

In each of these design areas, two problems arise which must be
correctly evaluated. The first deals with the consideration of the
statistics of the predictability of the total vehicle characteristics,
such as aerodynamic forces, structural weight characteristics, and
thrust, and is not discussed in this paper. The second concerns the
type of vehicle being studied. One type of vehicle is a highly
accelerating, small vehicle that has, in general, a marginal control
force availability., This control force arises from jet tab and air
vanes. A typical vehicle in this class is the Pershing. Because of
the high longitudinal acceleration and other structural design con-
straints, vehicles of this type have no structural load problem. 1In
- fact, the vehicle has more than an adequate structural margin for any
anticipated wind loading. The overriding constraint placed on the
vehicle is, therefore, from the control mechanism., The parameters
for evaluating vehicle response to atmospheric disturbances naturally
follow as deflection and deflection rates of the control devices.

Another type of vehicle, represented by Saturn V, goes to the
opposite extreme. 1In this case, although adequate control force is
available, the man-rating of the structural integrity, along with the
optimization of all aspects of the vehicle design to maximum payload,
forces the designer to consider as a primary concern the influence of
wind on structural loads. These loads should be treated as unit com-
pressive and tension loads. 1If shear forces are of significance, these
must also be evaluated. Thus, consideration of optimizing the control
system in terms of these structural loads forces the control system
design engineer to consider all aspects of the vehicle design (control
and structural) in,a system analysis so that vehicle structural con-
straints are not violated. Vehicles optimized using this system
approach have more operational flexibility because more severe trajec-
tories can be flown without endangering the mission, and at the same
time, more launch days are available since wind restrictions are not
necessary.

Another type of vehicle is a combination of the above two, in that
both a limited control force and restricted structural capability are
available, The Saturn I typifies this group. 1In this case, a more
detailed evaluation is necessary, since engine deflection, engine
deflection rate, and the unit compressive and tension load must be
monitored. Operational procedures become more complex since, in
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general, wind biased trajectories must be flown., Also, a more compre-
hensive prelaunch wind monitoring and vehicle response to these winds
must be conducted., Final flight decisions must be made in terms of
these simulations and previously acquired knowledge of vehicle struc-
tural integrity, total dynamics, and wind statistics. In general, the
influence of wind on design can be evaluated in light of the basic
parameters presented. Two other areas of concern must be examined for
final design assurance: The first is associated with the amplitude of
propellant oscillation in a tank, In this case, oscillations must be
controlled so that amplitudes do not cause an early cutoff (in case
propellant level is used as criteria). Second, in achieving desired
responses, stability margins of various vehicle modes may be deteriorated.
In all cases, a trade-off must be made between desired response and
desired stability boundaries. This trade-off can be made in terms of
mission, probability of occurrences, etc.

One additional design problem arises in setting of abort limits
for safety of the astronaut. In this case, the vehicle response to
malfunctions must be studied for various wind inputs., The parameters
for evaluation must become the output of the emergency detection sensors,
such as rate gyros. The parameters necessary to evaluate a vehicle
response is, therefore, a function of the design problem and the vehicle
type. This study is not concerned with all these problems, but will
concentrate on the structural sizing and control system optimization.

VI, TFUNDAMENTALS

Although the vehicle reacts to a disturbance as a total system,
simplifications can be made in representing the dynamics, if the elastic
body frequencies are high. 1In this case, basic understanding and pre-
liminary design values can be obtained by treating the rigid and elastic

body separately.

A. Rigid Body

The representation of the vehicle response as a rigid body
has basic application in preliminary design. Using this representa-
tion, in conjunction with 3¢ variations of the vehicle parameters and
a synthetic profile, allows the determination of basic response charac-
teristics and preliminary sizing of the structure, This same simulation
affords insight into the interaction of vehicle dynamics and control law
so that guidelines for control system design can be determined.
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The effect of the control law on response can be illustrated by
the rigid body equations of motion:

¥ +Kyp +Kzx + K58 =0 (11)
O+ cyax+cop=0 (12)
=9Iy Yvﬂ (13)
My () = Mg(x) a(t) + M) () (14)
B=a @+ ayp+b o (15)

Since the control law written in this form is fairly general, it
is representative of several systems. For example, the output of a
body-fixed accelerometer can be expressed for rigid body motion in
terms of the source of sensed accelerations, (,B), as

Ai = S&_ o+ SB_ B. (16)

This produces the same control law with only a modification of gains.

The solution to this set of equations is obtained by using frozen
coefficients (a conservative assumption, in general) for a representa-
tive wind input which is the slow build-up wind (quasi-steady wind pro-
file) or ramp. The characteristic equation of the system, in terms of
vehicle parameters, is used to obtain these solutions.

b K -
aitz - Ty v Cz(ao o) c1- 5y (cKz - c1K3)

_L[
Vl.

-c;K; + ao(c2K2 - ¢1K3) - bochlJ:}= 0. (17)
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A simpler form in terms of the roots

S; =0 (18)
Sg = Al (19)
83’4 =0 * iw (20)
is
S {%3 + 8$2(-A; - 20) + S(2A,0 + 02 + W®) + [-Al(cz + wz)}:}= 0. (21)

Equating coefficients of powers of S between equations allows
the expression of the roots in terms of vehicle parameters and control
system gains., A logical choice is to express the control system gains
ag and a;, and the drift foot A, as a function of control system gain

b,, control frequency uw., and control damping {.; that is,
'?\U)iBl + 2B3C2CCUJC + ?\BB - C2B2w:':2
& ° 2 2 (22)
- - A2 -
ZACEQCwC A Co W
C2B3 - 27\Bl§ w  + B2?\ - B_-LCE()JZ
c ¢ d
a, = - - - (23)
=2hcob W, = AT - oeh WS
AczBz + BiA® + cZ B
Al = - > o (24)
27\c2§0wc = AT - et wg
where
Kz + bOK3 =
= + —
Bl ZCCwC v (25)
= - 2 - 26
Bo cy+ wl - cb (26)
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K
Bs = - 7* (c1 +b_cp) (27)

A =g (eKz - c;3K3) (28)
o ==t (29)
w® = 0% + of. (30)

Typical plots of A,, a,, and a; for the maximum dynamic pres-
sure region of the Saturn V space vehicle are shown on figures 15, 16,
and 17. The drift root A; is stable for zero by, but moves toward
instability as bp increases. The by value that produces A; equal to
zero is the well known drift minimum condition. Further increase
of by initially moves A, toward instability; however, the effect
asymptotically approaches the limiting value of A, determined by the
straight line where by = -c;/c,. These results show that the basic
influence on the drift root is determined by the angle-of-attack gain,
bo. Control Frequency
we (rad)
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|
nlo
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The only apparent effect on the control gain, a;, is the damp-
_ing, {., and the control frequency, w.. The control gain, ag, increases

as bp decreases for a constant frequency uw,.

Increasing . increases agq

for a constant angle of attack gain bg. The solution to the set of dif-
ferential equations can be formulated in terms of these roots and the
system parameters. Only one solution will be formulated, the response
to a ramp wind Kt. This is sufficient, since, for the equations used,
the time derivative of the ramp produces the response to a step.
solutions are not valid for A, = zero, since at this point, a singular-

ity is introduced into the equations:

K(cy + c2bo)

(o2 + w2)1/2 eOt sin(wt - V¥4)

Cp(t) = Al(02 + wZ) 1+

(a° + o°) eAlt }
AT - 20A; + 0% + o2

where

W

W
= tan"! = + tan™! ———
V1 o o - A

y(t) = g t2 - {%l(cng - ¢Kz) - V(o2 +

{[(ao + a,0)(cKs - ciKz) - Kl(b002 + ¢cy) + (6% + )

wlAT - 20A; + 0% + WF]7/F

- 2Alq)}-t

w(o® + w2 (AZ - 208, + 0% +

2 1/2
(K2 + bOKS):l + MZ[ZO(KZ + bOK3) + a1(021{2 - C1K3)]Z}

w2) i/2

w(o® + w?)¥2 (A% - 20a; + 07 +

w2)1/2

+
AS@AZ - 208, + 0% + WD)

e

Ajt

b

(o}
e

The

(31)

(32)

tsin(um - Vo)

(33)
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where

= -1 Y -1 W
Vo tan . + tan 5 - A;
(34)
-w[20(K2 + bio) + al(C2I(2 - Cle)]
+ tan™? . . s
(ao + alG) (C2[<2 - C1K3) - Kl(boC2 + Cl) + (O + W )(K2 + K3bo)
a(t) = - - [0 + ajc0
B2(0Z + W) (62 + W) (A2 - 208, + 02 + WD)]T 2
1/ 2
ot .
+ayco - W%+ P20 + alcz]g} e sin(wt - =)
2 (35)
Al + alClAl + aoC2 Alt
+ e R
Al(Ai - 20A; + 0% + W)
where
W W -(,O(ZO‘ + alC2)
¥s = tan"! = + tan~! ——— + tan~? , (36)
3 g g - A
1 0% +ajco0 +aco w?
2 212 2 2 /e
a c {[aocl + aqc,0 - boo + bow 1=+ w [2boo - aocl]
B(E) = — * 2 2 211/ 2
A1(c® + &) w[(e® + W) (AT - 2A.0 + 0% + w9)]

(b A‘i -~ ajciA; - a_cCp) A-t
. eGt sin(wt = Y4) + 2 = = etlt, (37)
A1(AT - 20A; + 0% + WF)
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where

w " w(2b0c; - ajcy)
= -1 v, -1 -1
Va tan 5 tan s - A, + tan aoC, + a4040 - b002 + bow2 .
(38)
The bending moment is
M_(x) =Moo+ M B. 39)
MORBUERR N (
By defining
= M! 1
R(x) = M /MB
MB(X) = M'B(R(x) a+ B) (40)
ag eAlt
Mp(x) = - (-R(x) co + cq) + = {Ai(R(x) -b)
Ay (0% + w®) A (A7 -20A1+ 0%+ °

+ aicA1(R(x) -.1)+ apgco(R(x) - 1)}

t .
e’ sin(wt + ¥s)

wl (0% + w®) (Ai - 2044 + 02 + W®)]Y/2

+ {Rz(x) [(0% + aico0
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+ages - W2 + WP (20 + a62)%] + (apcy + a3€10 - beo® + byw)?

+ w2(2boo - aocl)2 + 2R(x) [(0% + ajco0 + a4Cp - W) 2

+ (20 + alcg)z]l/g [(agcy + @130 = byo® + byuw)?

/2
+ w?(2by0 - aocl)2]1/2 (cos Y5 cos {4 + sin Y= sin ¢4)}' ,  (41)

where

Vs = tan~? [{%(x) [6Z2 + ajco0 + ages ~ WB)Z + W (20 + alc2)2]1/2 cos =

+ [(agey + a1c10 = byo® + byu®)Z + W (2byo - aocl)2]1/2 cos ¢4}7//
4

{#(x) [(02 + ajco0 + agcn = WP + ¥ (20 + alcg)‘?]l/2 sin Y=

+ [(aycy + azc10 = byo® + byu?)® + w2 (2byo - aocl)2]1/2 sin ¢4}] .

(42)

When plotted as a function of R(x), Vs changes very little
(see Figure 18). Writing the above equations as a function of R(x),
g, w, A;, yields

1 At
71(O,w,Al) R(X) + 72(0; w,Al) + A_l- <73(0a LU)AJ_) R(X) + '}’4(0,L0,A1)> e 1

+ . {75(01 w’Al) RE(X) + 76(0’w’A1) R(X) +

(o2 + w2)l/2

i/ 2
+ 77(0,w,A1)}‘ " sin(ut + ¥s) . (43)
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By taking the special case of we= 1.2 and ¢, = .707, the
bending moment for a step wind becomes, for gyro control (A; = -0.031),
Mp(x) = K ME e " 0722 [0.051 R2(x) + 0.12 R(x) + 0.09)/2] sin (0.882t + 7)
+ K Mp(x) (0.714 RG) + 0.13) e ©-03t | (44)
where

=t -1 0.22 R(X) + 0.3
Y = tan 9244 R(x) + 0.27 °

(45)

For the drift minimum case (A, = 0), which was solved as a
special case, the bending moment is
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My (x) = K M(x) e”0.728 [0,174 R2(x) + 0.428 R(x) + 0.31)1/2] sin(0.882¢t
+7) F K ME(x) (0.64 R(x) + 0.113), (46)

where

-1 0.21 R(x) + 0.452
— 1
7 = tan " 57355 R(x) + 0.332 ° (47)

Since for most of the stations of Saturn V vehicles, R(x) = 0.3,
B contributes the major part of the transient portion of the solution for
the bending moment, while angle-of-attack has more influence on the quasi-
steady-state portion, Changing of the drift root from negative to zero
increases the amplitude caused by the transient solution, but decreases
the part caused by the drift root. The choice then becomes one of the
trade-off between the transient and steady-state solution. This choice
can be related to changing the gains, since by increasing b,, the drift
root becomes more positive; this reduces quasi-steady-state loads, but
increases transient loads even more., In general, for a rigid vehicle,
an overall load reduction is possible by increasing b,.

B. Elastic Body Influence

Simplifying the equations of motion allows an overall picture
of the bending dynamics influence and uses much less computer time.
For this purpose, the following premises were made in deriving the equa-
tions of motion of the vehicle:

(1) A space-fixed coordinate system was chosen with its origin
at the center of gravity of the vehicle.

(2) The acceleration of the vehicle is replaced by an equiva-
lent gravitational field (see section II).

(3) The bending modes were assumed to be uncoupled,
(4) The control system effect on bending frequency was assumed
to be negligible, while the effect on bending mode damping was intro-

duced as additional structural damping.

(5) The forces acting on the bending modes were assumed to
be due to the rigid body ¢ and B only.
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(6) Time varying coefficients were used.
(7): Curve fits were used for the aerodynamic distributions,
(8) Gust penetration effects were assumed to be small,

(9) Both filtered and unfiltered winds were used as forcing
function, as well as the synthetic profile.

The equations derived weré the same as for rigid body calcula-
tions for rotation, translation, and angle of attack, plus the intro-
duction of the bending equation which follows:

. 2 S _
ni + sz (CBi + QC) ﬂi + wBi ni + Dia + MB. B - 0’ (48)
1

i=1-54

where

D, = : (49)

With the addition of bending, the bending moment becomes

4

=Ma+Mp+ ZM' .. (50)
g o4 S = Ny 3

To show the effect of the bending dynamics on the bending
moment, the ratio of the bending moment due to bending dynamics to
total bending moment was computed,

- MB(total) " MB(rigid)
MB(total)

R (51)

This yields the following results, which show the influence of the
elastic body dynamics on the bending moment for various types of con-
trol systems (Figure 19).
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It is clearly shown in this study that the bending dynamics
portion of the bending mode becomes predominant at the forward end of
the vehicle, The booster and second stage area show a negligible
influence of bending dynamics. Also, any increase in accelerometer
gains increases the bending dynamics effect. This system can be made
equivalent to the alpha meter system discussed previously. 1In this
case, the reduction in bending moment due to rigid body dynamics more
than offsets the increase due to bending dynamics, producing a slight
overall reduction in moment,

Some variance of the bending dynamics effect with flight time
is caused by the aerodynamic forces acting on the vehicle. However,
in all cases, the contribution of bending dynamics to the bending
moment in the spacecraft is large; therefore, elastic body effects
cannot be neglected in the vehicle analysis.
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VII, RESULTS

A. Gross Effect of Ensemble Compared to Synthetic Profile

To obtain some insight into the general characteristics of
the vehicle response to the wind ensemble, the response to each
individual profile is superimposed on the response obtained by using
a synthetic profile. Only one case for the synthetic profile is used;
that is the wind peaking at 75 seconds flight time, which is in the
region of maximum dynamic pressure. Figure 20, showing the wind
velocity versus flight time for the unfiltered wind ensemble, clearly
indicates that most of the individual wind profiles have a peak wind
velocity less than the synthetic profile. The average wind velocity
of the individual profiles falls below the wind velocity of the syn-
thetic profile throughout the flight regime, except in the early part
of flight (0 to 30 seconds). Since the synthetic profile was designed
for a 95 percent "worst month" wind magnitude and 99 percent wind shear
and gust, these results are expected. All of the vehicle responses
show this same general behavior, with most of the responses of the
individual profiles being concentrated below the response of the syn-
thetic profile with gust. The exceptions are the bending mode dis-
placements, angle of attack, and bending moment (Figures 20, 21, 22),
which show a substantially higher response for the individual profiles
during the first 30 seconds of flight than that obtained using a syn-
thetic profile. This is due to the larger wind magnitudes of the
individual profiles during the first 30 seconds of flight time. Since
the flight time of major concern (maximum dynamic pressure) is outside
this region, these differences are negligible. The statement can be
made from this general approach that the synthetic profile should pro-
duce a slightly conservative design and should, in general, give a
representative response,.

A comparison of the filtered winds with the synthetic profile
without gust shows the same trends (Figures 23, 24, 25). There are
about two winds that peak above the synthetic profile peak wind value.
The response follows the same pattern with only one or two winds creat-
ing peak responses equaling the response obtained from the synthetic
profile without gust., The most noticeable change in response is from
one wind that creates an engine deflection response 30 percent greater
than that caused by the synthetic profile without gust.
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B. Effects of Wind Components on Response for Gyro
Control System

The influence of the various wind components on vehicle
response can be assessed in many ways. As was stated earlier, this
study attempts to isolate the wind components of many individual wind
profiles to study their effects on vehicle response for several types
of control laws. Many ways of obtaining and representing the results
are possible, The ones used are variance and mean of response output
and probability output,

The mean wind speeds of the filtered and unfiltered wind
ensembles are very close in magnitude throughout flight time, with the
unfiltered wind ensembles always the lower value (Figure 26). The
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Figure 26. Mean,Variance and Mean Plus 3¢ for Wind Ensemble vs Time

variance, however, is much larger in the maximum dynamic pressure region
for the unfiltered ensemble, thus indicating the influence of the wind
turbulence (Figure 27). There is very little difference in the vehicle
engine response to the unfiltered ensemble and the filtered ensemble

in both the mean and variance. This indicates a low sensitivity of

the engine deflection response to turbulence, for gyro control only,
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The plots contain the variance, mean, and mean plus three times the
standard deviation. Since the distribution is not Gaussian, the mean-
plus-30 value does not produce a 99 percent value, but it does guarantee
that at least 87 percent of the values will fall into this level [9].

The bending moment at station 25 (Figure 28) shows a lower
variance, mean, and 30-plus-mean for the filtered profiles in compari-
son to the unfiltered. However, the difference between the response
is small, showing a small influence of the turbulence on response of
the bending moment at this station.

At station 90, for eighty seconds flight time, the influence
of turbulence becomes larger, with an increase in the mean bending
moment and the mean plus 3¢ value showing approximately a 30 percent
increase due to the wind turbulence (Figure 29). The variance between
the unfiltered and filtered winds is very close in magnitude, the main
difference in response becoming the change in mean value. Although
these results have shown some conclusive trends, the computation of
the variance and mean on the analog computer contains inaccuracies
because of the use of many multipliers. The results should therefore
be interpreted in this light. Particularly, the variance should be
interpreted in this manner since the small difference between two
cases could easily be caused by inaccuracies in the computer.
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Although a more accurate computation for this computer is the
probability of a response, it is much too time consuming to evaluate as
a function of time. Therefore, we compute the probability in terms of
one exceedance per profile in the high dynamic pressure region of 50 to
80 seconds flight time. Probability can be computed in terms of an
overall probability or the probabili}y of launching during a specific
period of the year, for example, the worst wind month. For this reason,
results will be presented for the worst month (March) at Cape Kennedy,
Florida, and for the total wind ensembles, unfiltered, filtered, and
turbulence, which are measured over a two-year period. Since the MSFC
synthetic wind profile has been widely used in vehicle design, results
are shown on the graphs for the synthetic profile with and without gust,

Figure 30 shows that the engine deflection is influenced very
little by turbulence; i.e., about a 10 percent increase, When the
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Figure 30. Engine Deflection vs Probability of Not Exceeding

ensemble is compared to the worst month case, the increase in response

is doubled (~ 20 percent). The synthetic profile produces a conservative
response value; however, the response of the turbulence ensemble (95 per-
cent probability) is about equal to the difference between the response
of the synthetic profile with and without gust.

45



The rigid body angle of attack shows approximately the same
influence due to turbulence (10 percent) (Figure 31). The difference
in an angle of attack due to the synthetic profile with and without
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Figure 31. Angle of Attack vs Probability of Not Exceeding

gust is larger than the angle of attack obtained from the turbulence
ensemble, indicating a slightly severe gust representation on the
synthetic profile. A good correlation between the synthetic profile
with gust and the unfiltered ensembles is obtained at the 99.9 percent
probability level. The synthetic profile with gust produces a value
equal to the 99 percent probability level for the March winds.

The first bending mode displacement at the vehicle nose (Fig-
ure 32) shows the same trends as the engine deflection. The second
bending mode displacement (vehicle nose) (Figure 33) is similar also,
However, it is slightly more sensitive to the wind turbulence.

The response of the liquid in the propellant tanks (Figures 34,
35, 36) indicates the same trends. For each of these parameters, the
response due to turbulence at any one probability level can be added to
the response due to the filtered ensemble to produce about the same
response obtained from the unfiltered ensemble. The 99.9 percent
turbulence response value approximates the difference in response
obtained from the synthetic profile with and without gust,
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The probability of a bending moment value not being exceeded
in flying through an ensemble of winds is shown on Figure 37 for vehicle
station 25. The influence of turbulence on this bending moment is small,
correlating again the influence of turbulence with the influence of bend-
ing dynamics on bending moment values. When one probability level of
the vehicle response to the turbulence is added to the same probability
level of the vehicle response to the filtered ensemble, the resulting
value closely approximates the response value obtained for the total
ensemble,

The synthetic profile with gust produces a response value that
has approximately a 0.1 percent probability of being exceeded in terms
of the total ensemble, and approximately a 1.0 percent probability in
terms of March winds. Similarly, the synthetic profile without gust
produces a response value with a 0.1 percent probability of being
exceeded in terms of the filtered ensemble,.

As was expected, the influence of turbulence at station 90
(30 percent) is much higher than at station 25 (see Figure 38). As
already pointed out, this corresponds to a region with a large influence
of bending dynamics on the bending moment. The spectral density of the
turbulence shows a large concentration of energy in the one to two Hertz
region (Figure 9) indicating the source of excitation of bending dynamics.
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The total unit compressive load follows the same trend as the
bending moment, except that the longitudinal loading dilutes the bend-
ing dynamics effect (Figures 39, 40). At station 25, turbulence con-
tributes only about four percent to the total load. The contribution
of turbulence to the total load at station 90 is approximately 10 percent.

A vehicle's bending moment or load can be influenced signifi-
cantly by wind turbulence. The amount of influence is determined by
the frequency characteristics of the vehicle and of the turbulence.

It was shown that when these frequency conditions were met, the influ-
ence of turbulence could be related to the influence of elastic body

dynamics on the total bending moment,
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C. Severe Profiles

Additional insight into the turbulence effect is gained if
profiles causing excessive bending moment values are isolated, Severe
profiles were isolated using the bending moment at station 90. Two
distinct types of profiles were found: (1) high wind magnitude and
moderate wind shears, and (2) moderate wind magnitude and large wind
shears. Both types of profiles were severe using the loading at sta-
tion 90 as an indicator, but only the large wind magnitude profile
produced severe loads at station 25,

A typical profile shows the bending moment at station 25
resulting from the high wind magnitude with only a negligible increase
caused by the turbulence (Figures 41, 42), Station 90, for this same
wind, shows a higher sensitivity to the turbulence compared to the
mean wind magnitude. However, the influence is still moderate with

the large wind speed creating a substantial part of the load,
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The low wind magnitude, high wind turbulence profile, found to
be severe at gstation 90 (Figures 43, 44), shows large excitation of the
bending dynamics, The small mean wind value of this profile resulted
in only moderate bending moment response at station 25, This particu-
lar profile produced the largest bending moment value obtained from the
whole ensemble at station 90 (5.2 x 10° Nm). The previous wind (large
wind magnitude) produced a bending moment value of 4.8 x 10° Nm at this
station, Of the twenty most severe wind profiles for station 90, six
were of this low wind speed, large turbulence variety (Figures 43, 1A,
3A, 23A, 27A). It is obvious that this type of wind will influence
operational procedures. That is, a decision to launch cannot be made
on wind measurement alone; it must include prelaunch monitoring. This
prelaunch monitoring simulates the vehicle flight through winds measured
during various periods before the predicted launch and determines launch
decisions as to structural loads versus structural capability using
statistics of wind persistence (Figure 45).
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(108 inch 1b)
{106 N-m) g
4 -7004
-804
.
-70{ -600-
]
]
'
~601 _s00- '
t
[}
H
_50-
-400-
-40_
-300-
_30_
-200
_20_
’
-104 -100-
ol DA — 1 1 L —

) 10 20 30 80 20 100 140

40 50 60 70
VEHICLE STATION (m)

Figure 45. Saturn V Failing Moment vs Station, 70 Seconds
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These results show the necessity of total vehicle simulation in
prelaunch wind monitoring and show the fallacy of using wind magnitude or
engine deflection and angle of attack as a criterion for making launch
decisions., The additional worst profiles ranked at station 90 and the
vehicle responses in the order of severity are given in the appendix.
Several profiles of low wind magnitude, high wind shear occur in this
upper 20 percent grouping,

The influence of these two types of wind profiles on the engine
deflection and angle of attack is very pronounced. The large wind profile
produces large angle of attack and engine deflections (Figures 41, 43).
The low wind magnitude profile, however, produces small engine deflec-
tions and angle of attack as shown in Figures 41 and 43.

D. Small Duration Wind Disturbance Effects on Control
System Optimization

The influence of wind shears on control system design is more
complicated to assess than structural loads. Many factors are involved;
for example, trade-off of vehicle response versus stability margins.
Again, the effect of turbulence on the results corresponds to the region
of high bending dynamic influence. Control gains, using an accelerometer
optimized for bending moment or total load at station 25, show negligible
influence of turbulence, indicating that a reasonable reduction in bend-
ing moment can be obtained by increasing the accelerometer gain, go.

This is illustrated using the filtered and unfiltered profiles, with
both showing approximately the same percentage reduction. The difference
in total value is due to the higher peak winds of the unfiltered profiles
(Figures 46, 47).

At station 90, the influence of turbulence is pronounced. Very
little reduction in bending moment or total load is possible using the
unfiltered profiles; however, the filtered profiles show a good reduc-
tion in bending moment as g- increases (Figures 48, 49).

The effect is summarized by plotting the 99 percent bending
moment value for the three wind ensembles versus the ratio of accelerom-
eter gain to position gyro gain (Figure 50). Also included are the
results obtained using the spectrum of the turbulence. This figure
shows that increasing the accelerometer gain increases the bending
moment for the turbulence profile while decreasing the moment for the
unfiltered and filtered ensemble, where the reduction is less for the
unfiltered ensemble, Turbulence or small shears must be included if
control system gains are to be optimized for forward stations. Stations
where bending dynamics effects are small show very little change in the
optimal gains between the filtered and unfiltered winds. The effect of
small scale shears on control system design is therefore dictated by the
critical vehicle station for which the gains are to be optimized.
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Figure 50, Comparison of Analog Results Using Detail Wind Profiles
with Generalized Harmonic Analysis Using Spectrum for Turbulence

In general, this can be determined only after the structure has been
designed. At this stage of design, the vehicle response is evaluated
and compared to the structural design values to determine the weak
areas. If the weak areas occur in the forward third of the vehicle,

turbulence should be included in the final optimization of the control
sys tem,

The influence of the turbulence in optimizing the control sys-
tem gains to response of engine deflection or angle of attack is shown
in Figures 51 and 52, 1Increasing the accelerometer gain reduces the
engine deflection significantly for the filtered profiles (20 percent)
while for the unfiltered profiles engine deflection is reduced only
8 percent. 1In the turbulence ensemble, increasing g. increases the
engine deflection about 10 percent,

There is very little influence on the angle of attack. 1In all
cases increasing g- reduces the angle of attack a maximum of 10 percent,
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The trends are summarized on Figure 53 which shows the results
obtained using a spectrum of the wind turbulence. Included in these
results are the influence of the position gyro gain ay and the ratio of

* 1) 0a=.2 ]
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Figure 53. Effect of Control System Gains on Engine Deflection
Using Spectrum of Wind Turbulence

accelerometer gain g. to the position gyro gain a,. At station 90, the
bending moment, engine deflection, and first bending mode deflection
-increase with increasing accelerometer gain g.. Increasing the position
gyro gain a, increases the engine deflection, but decreases the bending
moment (station 90) and the first bending mode displacement,

These results show that the turbulence influences the optimiza-
tion of the control system gains. Introducing angle of attack feedback
in the form of ¢ meter or accelerometer can reduce the engine response,
angle of attack, bending moment and total load for steady state winds,

- and slowly changing shears. This same system increases the responses
for turbulence alone.

These same trends can be illustrated in another manner by com-

. puting the mean and variance as a function of flight time using accelerom-
eter gain g- as a parameter (Figures 54 through 59). Increasing g, reduces
the mean response for bending moments at stations 25 and 90. 1In general,
there is a slight increase in the variance, although this trend is not
conclusive because of probable errors in computing variances on an analog
computer.
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E. Comparison of Methods

The merits of the various approaches for handling wind inputs
have been illustrated by showing values obtained from (1) the synthetic
profile with and without gust, (2) unfiltered, filtered and turbulence
ensembles, and (3) the generalized harmonic analysis. The following
tables compare the 99,8 percent values obtained from the ensembles with
the synthetic profiles and the spectral analysis for an attitude control
system.,

Synthetic|{Synthetic Generalized
Variable| with without |Unfiltered|Filtered|Turbulence| Harmonics
Gust Gust Analysis
o 11.74° 9.8° 11.5° 10,3° 0.86° 0.92°
B 1.17° 1.07° 1.05° 1.00° 0.055° 0.035°
M:(ZS) 27 24 25.5 27 2.5 2.8
M§(90) 0.59 0.45 0.57 0.44 0.13 0.14

*
Bending moment (Mp) given in Nm x 106,

Acc. Gain Synthetic]|Synthetic Generalized
‘ with without |Unfiltered|Filtered|Turbulence| Harmonics
82 Gust Gust ) Analysis
0 0.59 0.45 0.57 0.44 0.13 0.14
0.03 0.50 0.42 0.55 0.43 0,13 0.14
0.05 0,47 0.39 0.54 0.41 0.14 0.15

*
Bending moment at station 90 given in Nm x 10°.

The values obtained from generalized harmonic analysis are
slightly conservative when compared to the turbulence ensemble with the
exception of the engine deflection, B. The synthetic profile with gust
produced an excessive bending moment at station 90 when compared to the
unfiltered ensemble. Otherwise, a good comparison is obtained between
the synthetic profile (without gust) and filtered ensemble, and between
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synthetic profile (with gust) and unfiltered ensemble, These results
indicate that, for vehicles such as Saturn V, a good structural design
could be obtained using almost any combination of approaches which
accounted for the gust or turbulence,

The influence on the optimization of control systems for the
various methods of handling wind inputs is determined by comparing the
bending moment at station 90 for various accelerometer gains (g-).

Comparison of the synthetic profile with the unfiltered wind
ensemble at station 25 shows that the synthetic profile is a good repre-
sentation of wind input for gyro control. For drift minimum control
(g= = 0.03), the synthetic profile is a good representation of the wind
input for the determination of the bending moment at both stations;
however, for gyro control, it is too severe at station 90 where there
is more sensitivity to turbulence than to wind magnitude. Also, for
high load reduction accelerometer gains, the synthetic profile is too
optimistic at stations that are sensitive to turbulence. The results
indicate that the synthetic profile can be a very useful tool once it
has been verified for a particular type of vehicle.

F. Impact of Results on Launch Vehicle Design and Flight Operations

This study of the Saturn V launch vehicle response to various
aspects of detailed wind components has shown the necessity for a
reorientation in the design and operational philosophy for launch
vehicles, 1In presenting the results, it has been tacitly assumed that
the reader understood the response of the vehicle to the quasi-steady
or mean wind speed, as illustrated for a special wind case for the rigid
vehicle, The major emphasis has been placed on the change in this basic
response due to elastic vehicle dynamics and wind turbulence. This sec-
tion discusses these impacts on structural design, control system opti-
mization, and flight operations.

The only realistic approach to structural design appears to be
a complete system analysis of the vehicle dynamics and control with a
good representation of the wind field (magnitude, shear, and gust).
This is due to the established influence of bending dynamics and turbu-
lence on the bending moment and unit compressive load. Bending moment
responses due to turbulence, in some cases are as much as 30 percent
higher than indicated for the nonturbulent winds.

The MSFC design profile is a synthetic representation of the
magnitude, shear, and gust of the wind. A simplified preliminary
analysis can be made using a rigid body approach with the synthetic
profile without gust, plus results from the elastic body system, using
generalized harmonic analysis. The results obtained from the total
elastic system would be added to the peak values from the rigid body
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response to obtain the design value, This method would save computer
time since 30 spreads in vehicles parameters must be considered in
obtaining the peak values [8]. Although this approach does not prop-
erly account for the phasing of all vehicle responses in calculating
the load, the results should be more than adequate for preliminary work.

The final verification of the structural design should be made
in terms of the individual profiles. The number and cross section of
available profiles must be determined by the design philosophy. For
example, if a worst wind magnitude month was chosen, then only the March
winds would be used.

As was true for structural design in control system optimiza-
tion, only a complete system analysis with complete wind statistics is
acceptable. To date, the best and most accurate approach uses many
detailed wind profiles for input. Here again, the choice of which
profiles to use depends upon the design philosophy. The most econom-
ical approach appears to be the use of the synthetic profile with gust
for a preliminary determination of the optimum gains, using the individ-
ual profiles for final adjustment and verification,.

The most significant impact on philosophy appears to be in the
area of flight operations. The danger of wind-biasing trajectories,
based on wind magnitude, is evident. The large influence of turbulence
on the load in the spacecraft could be disastrous if a wind direction
reversal (opposite to bias direction) occurred simultaneously with a
highly turbulent wind profile. Wind-biased trajectories must be used,
therefore, in terms of the probability of the persistence of wind direc-
tion for launch date.

Setting of emergency detection system limits for astronaut
safety requires the most refined vehicle model and wind data available.
Since abort or near-abort conditions occur, in general, for some component
failure mode, the total trajectory, vehicle dynamics, and control system
must be simulated simultaneously. Because so many vehicle responses
enter into the structural failure, the unit compressive and tension load
for the weakest station must be used as a criterion for setting abort
limits, Use of any other criteria would be misleading because of the
rapidly changing relationships between response parameters during mal-
functions. Generation of the unit loads simultaneously with the total
simulation produces the correct phasing between these rapidly changing
response conditions, thus producing the actual load experienced, and a
more accurate red-lining of instruments. Since timing is critical for
safety, knowledge of the influence of the total wind field is a neces-
sity, especially since the influence of the wind on bending dynamics
response is high,

69



Prelaunch wind monitoring is becoming an accepted procedure
for making launch decisions. The use of rigid body representation for
vehicle dynamics is not adequate; total elastic body must be used,
Since the details of the wind turbulence has its greatest impact on
this operation, they must be accurately incorporated. Accuracy of
simulation and wind input does not, however, assure good launch deci-
sions. These can only be adequately determined by comparing the induced
unit load (compressive and tension) for weak stations versus the vehicle
capability. The fallacy of using any criteria other than unit loads was
clearly shown in the response to the most severe profiles,.

CONCLUSIONS

The use of total vehicle dynamic model in conjunction with a com-
plete statistical representation of the wind field (magnitude, shear,
gust) is necessary for structural design, control system optimization,
and flight operations. The influence of wind turbulence was shown to
be a function of the vehicle elastic body characteristics, having
influence on the load where elastic body effects were high.
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Aerodynamic Coefficients
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Equations of Motion
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